
Chapter 3
Experimental Procedure

3.1 Preparation of Specimens

3.1.1 Alloy Design

T h e ch e m ica l c o m p o s it io n  o f  th e m u lti-c o m p o n e n t w h ite  ca st iron  
for c o ld  w ork  ro ll m u st b e d es ig n e d  to  sa tis fy  th e p ro p erties m e n tio n e d  in  
th e  B a ck g ro u n d  S e c tio n  o f  C hapter 1. A ls o , it is  im portan t that th e  
p ro p erties  o f  the cast iron  can  b e  w id e ly  c h a n g ed  b y  h eat treatm ent. T he  
p reserv a tio n  o f  th e ro ll su rface  ro u g h n ess  to  con tro l the s lip p in g  b e tw e e n  
ro ll and  sh ee t and the w ea r  re s is ta n ce , w h ich  are m o re  im portan t p ro p erties, 
are u n d ertak en  b y  fin e  e u tec tic  carb id es w ith  h ig h  h ard n ess. T h e M C  and  
M 2C carb id es that are fo rm ed  r e sp e c t iv e ly  b y  V  and M o  and พ  can  b e  
e x p e c te d  for th is  p u rp ose . H o w ev er , it w il l  b e  b etter  that พ  is e lim in a ted  
b e c a u se  it has a ten d en cy  to  m ak e the e u tec tic  M 2C carb id e m a ss iv e  and to  
p ro m o te  the se g re g a tio n  o f  lig h t M C  carb id e in  th e ro ll p ro d u ctio n  b y  
c en tr ifu g a l ca stin g  p r o c e s s2). Cr is n ee d ed  to  im p ro v e  b oth  th e  
h a rd en a b ility  and o x id a tio n  resis ta n ce . T h e  c c o n ten t sh o u ld  b e lo w e r  than  
that o f  m u lti-a llo y e d  w h ite  cast iron  for h o t w o rk  ro ll b ec a u se  o f  th e h ig h  
stren gth  and to u g h n ess . F rom  th ese  sta n d p o in ts , the b a s ic  a llo y  
c o m p o s it io n  o f  F e-5% C r-5% M o w a s d ec id ed , and c and V  w ere  var ied  in  
the range o f  0 .5  to  1.5%  and 1 to  3% , resp ective ly .

3.1.2 Mold Design and Test Piece

T h e sh ap e and d im e n s io n  o f  the C 0 2 m o ld  is sh o w n  in F ig . 3 - l ( a ) .  
T h e e x o th erm ic  p o w d er  w a s  co v e r ed  on  the top  o f  m e lt ju s t  after p ou rin g
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to  p rev en t th e  fr e e z in g  o f  the m e lt from  top  su rface . A s  illu strated  in F ig.
3-1 (b ), th e cast sp ec im e n  w a s  s l ic e d  to ob ta in  the d isk -sh a p ed  test p ie c e s  
w ith  7 m m  in th ick n ess .

F ig . 3-1 S ch em a tic  d ra w in gs o f  C O 2 m o ld  (a ) and test p ie c e  (b ).

3.1 .3  Production o f Specim ens

V ariou s k in d s  o f  ch arge  m a ter ia ls  su ch  as m ild  s te e l scrap , h ig h  
p u rity  p ig  iron , fe r r o a llo y s , pure m eta ls  w er e  u sed  to  m ak e the sp ec im e n s .  
T h e ch e m ica l c o m p o s it io n s  o f  ch arge m a ter ia ls  are sh o w n  in T ab le 3 -1 . 
C harge c a lc u la tio n  fo r  th e  a im ed  c o m p o s it io n  w a s  carried  out for to ta l 
m a ss  o f  10 kg. T h e  raw  m a ter ia ls  w ere  m e lted  d o w n  in a 10 k g -c a p a c ity  
h igh  freq u en cy  in d u c tio n  fu rn ace  w ith  a lu m in a  (A I2O 3) lin in g  and
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su p erh ea ted  up to 1853  K (1 5 8 0  °C). T he m e lt w a s  p ou red  in to  p reh eated  
C 0 2 m o ld s  at the p ou rin g  tem p erature o f  1 7 7 3 -1 7 9 3  K (1 5 0 0 -1 5 2 0  ° C )  and  
th en  im m ed ia te ly  co v ered  w ith  dry e x o th erm ic  p ow der. T h e ch em ica l  
c o m p o s it io n s , the carb on  b a la n ce  (C bai) and the ty p e  o f  e u tec tic  carb id es  
p recip ita ted  in the sp ec im en s  are g iv en  in Table 3 -2 .

Table 3-1 C h em ica l co m p o sitio n  o f  charge m ateria ls

C harge M aterial
E lem en t (m ass% )

c V Cr M o S i M n Fe

M ild  stee l scrap 0.12 0.02 0 .2 8 bal

P ig  iron 4 .3 0 0.20 0.12 bal

M eta llic  Cr 9 8 .6 0

M eta llic  M n 9 9 .9 7

Fe-C r (H C ) 8.12 6 0 .5 4 1 .8 0 bal

Fe-C r (L C ) 0 .0 8 6 7 .4 4 0 .3 7 bal

F e-M o 0 .0 5 6 2 .8 7 0 .7 0 bal

F e-V 0 .0 9 82.31 1 .0 7 bal

F e-S i 0 .0 5 7 7 .8 0 bal
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Table 3 -2  C h em ica l co m p o sitio n , carbon  b a lan ce  (Cbai, m ass% ) 
and type o f  carb ide in sp ec im en s

S p ec im en
E lem en t (m ass% )

Cbal
T ype o f  
C arbidec V Cr M o Si M n

N o . 1 0 .5 4 1.03 5 .0 5 4 .9 9 0 .51 0 .5 4 -0 .3 2

M C
and

M 2C

N o . 2 0 .51 1 .99 4 .9 0 4 .9 1 0 .5 4 0 .5 3 -0 .5 6

N o . 3 0 .9 9 1 .06 4 .9 7 4 .8 4 0 .4 3 0 .4 6 0 .1 4

N o . 4 0 .9 7 1.95 4 .9 2 4 .81 0 .4 3 0 .4 5 -0 .0 9

N o . 5 0 .9 7 2 .9 2 4 .9 5 4 .7 9 0 .4 8 0 .4 4 -0 .3 2

N o . 6 1 .42 1 .06 4 .9 5 4 .9 0 0 .4 7 0 .4 8 0 .5 7

N o . 7 1 .42 1 .94 4 .9 0 4 .8 4 0 .4 2 0 .4 3 0 .3 7

N o . 8 1.43 2 .9 8 4 .9 6 4 .91 0 .4 8 0 .4 8 0.12

Cbai* w a s  ca lcu la ted  b y  the eq u atio n  (2 .1 )  and (2 .2 ) .

3.2 Heat Treatment Procedure

To in v e s tig a te  the h eat treatm en t b eh a v io r  o f  th ese  
m u lti-c o m p o n e n t w h ite  cast iron s, three p r o c e s se s  o f  h eat treatm en t lis ted  
in T able 3 -3  are in troduced .

3.2.1 Annealing

T he te s t  p ie c e s  w ere  p asted  w ith  a rea g en t o f  o x id a tio n  p rev en tio n
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to  p rev en t th e d eca rb u riza tion  and ch arged  in to  an e le c tr ic  fu rn ace. C old  
ch arge w er e  h ea ted  up  and h e ld  at 1223  K  (9 5 0  °C) fo r  18 k s (5  h ou r) to  
h o m o g e n iz e  the m ic r o -se g r e g a tio n  o f  e lem en ts . A fter  h o ld in g , te st p ie c e s  
w ere  c o o le d  in th e fu rnace. A fter  th e fu rn a ce  c o o le d  d o w n  to room  
tem p erature, test p ie c e s  w ere  taken  ou t and grou n d  b y  a b e lt grin der to  
e lim in a te  the o x id e  layer.

Table 3 -3  H eat treatm ent p ro cess

H eat
Treatm ent

P rocess

T em perature
(K )

H o ld in g  T im e  
(k s)

C o o lin g
C on d ition

A n n ea lin g 1223 18 F .c

H ardening 1273
1373 3 .6 F .A .C

T em pering

623
673
723
7 4 8
773
7 9 8
823
848
873
9 2 3 *

12 A .c

* T h e tem p er in g  tem p eratu re 9 2 3  K  w a s  a d o p ted  for o n ly  
sp ec im e n s  N o . 7 and 8 w h ic h  w ere  h a rd en ed  at an a u sten itiz in g  
tem perature o f  1373  K.
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3.2.2 Hardening

A n n ea led  sp e c im e n s  w er e  se t o n  a lu m in a  b oa t and  put in to  a 
co m p u ter ized  e le c tr ic  furnace (M o d e l K D F -0 0 9 G ). T he sp e c im e n s  and  
fu rn ace w er e  s im u lta n e o u s ly  h ea ted  up w ith  a h ea tin g  rate o f  2 0  K /m in  to  
1273  K  (1 0 0 0  °C) or 1373 K (1 1 0 0  °C ) u nd er an argon  (A r) a tm o sp h ere  
(5 k g /c m 2) and h e ld  for 3 .6  ks (1 h ou r), and th en  fo l lo w e d  b y  fo rced  air 
c o o lin g  (F A C ) to the room  tem perature.

3.2.3 Tempering

T h e h ard en ed  sp e c im e n s  w ere  arranged  o n  a lu m in a  b o a t and  h e ld  at 
v a r io u s tem p eratu res for 12 k s (2 0 0  m in u te s). S u b seq u en tly , sp e c im e n s  
w er e  c o o le d  to  th e roo m  tem p erature in  th e s t ill  air. T h e  c o n d it io n  o f  
tem p erin g  is a lso  sh o w n  in T able 3 -3 .

3.3 Observation of Microstructure

3.3.1 Etching Reagents

T h e e tch a n ts u sed  in th is  stu d y  are s p e c if ie d  as ty p e  A , B  and c as 
lis ted  in Table 3 -4 .

3.3.2 Optical Microscopy

To in v e stig a te  th e m icrostru ctu re  o f  sp e c im e n  b y  m ea n s o f  an  
o p tica l m ic r o sc o p e  (O M ), the sp e c im e n  w a s  p o lis h e d  u s in g  em ery  p ap ers  
in  th e order o f  1 8 0 , 3 2 0 , 4 0 0  and 6 0 0  m esh  and  f in a lly  b y  a b u f f  c lo th  w ith
0 .3  m icro n  a lu m in a  p ow der. T yp e A  e tch a n t w a s  g en era lly  u sed  to  rev ea l  
th e m icrostru ctu re. F or the id e n tif ic a tio n  o f  th e ty p e  o f  p rec ip ita ted
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carb id es, th e ty p e  B  etch an t w a s  a d op ted  b e c a u se  ca rb id es are c o lo red  
d ifferen tly  a fter e tch in g . T h is resu lt w a s  reco n firm ed  b y a llo y  
c o n cen tra tio n  in  th e  p rec ip ita ted  carb id es m ea su red  b y  m ea n s o f  E lec tro n  
P rob e M icro a n a lyser  (E P M A ).

Table 3 -4  T he lis t o f  e tch a n ts9)

Type E tchan t E tch in g
M eth od O b serv a tion

A
P icr ic  a cid  1 g  

H C l 5 cc  
E th an ol 100  cc

Im m ersio n  at 
room

tem perature

R e v e a l carb id e and  
m atrix  structures

B

M u rak am i reagen t  
K O H  10g  

K 3F e (C N )6 10g  
D ist il le d  w ater  

100m l

Im m ersion
at 60 °c

for 1 m inu te

M 2C and M 7C 3: 
b la ck

M 6C: co lo red  
M C : lig h t e tch ed

c N ita l reagent 
H N O s 5 cc  

E th an ol 9 5  cc

Im m ersio n  at 
room

tem perature

R ev e a l m atrix  
structure

3.3.3 Scanning Electron Microscopy

T h e m icrostru ctu re  and se c o n d a r ily  p rec ip ita ted  carb id es w ere  
o b serv ed  in  d eta il u s in g  a S ca n n in g  E lec tro n  M ic r o sc o p e  (S E M ) o f  H ita ch i  
M o d e l S 2 3 8 0  N . A  p o lish e d  sp e c im e n  w a s  e tc h e d  u s in g  th e ty p e  c etch an t  
to  rev ea l th e  m icrostru ctu re. T h e  m icro p h o to g ra p h s m a in ly  fo c u s in g  on  
carb id e m o rp h o lo g y  w ere  tak en  u sin g  25  k v  for m ore d isc u ss io n s .
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3.3.4 Electron Probe Microanalysis

In order to  affirm  the typ e  o f  p rec ip ita ted  carb id e  r e v e a le d  b y  the  
e tc h in g  m eth o d , th e a llo y  co n cen tra tion  o f  p h a se s  in  a s -c a st  sp e c im e n  w a s  
a n a ly zed  q u a n tita tiv e ly  b y  u s in g  an E n erg y  D is p e r s iv e  X -ra y  sp e c tro m e te r  
(E D S ) o f  E lec tro n  P rob e M icro a n a ly ser  (E P M A ) and a d eq u a cy  o f  the  
id en tif ied  carb id e typ e  b y  e tch in g  w a s  certified .

3.4 Hardness Measurement

3.4.1 Macro-hardness

T h e m ea su rem en t o f  m a cro -h a rd n ess w a s  p erfo rm ed  b y  a V ickers 
h ard n ess te ster  (A k a sh i M o d e l A V K ) w ith  th e  lo a d  o f  3 0 0  N  (3 0  k g f) . F ive  
in d en ta tion s w ere  taken  at random  and th e averag e  v a lu e  w a s  ava iled .

3.4.2 Micro-hardness

M ea su rem en t o f  m icro -h a rd n ess  w a s  carried  o u t in  th e m a tr ix  u s in g  
a m ic r o -v ic k e r s  h ard n ess tester  (A k a sh i M o d e l M V K -G 1 ) w ith  100  g f  load  
and the average v a lu e  o f  f iv e  m easu rem en t w a s  adopted .

3.5 Measurement of Volume Fraction of Retained Austenite

3.5.1 Theory for Measurement of Retained Austenite by X-ray 
Diffraction Method

T h e v o lu m e  fraction  o f  reta in ed  a u sten ite  (V y ) in  ro ll m ateria ls  is  
o n e  o f  the im p ortan t facto rs w h ic h  sh o u ld  b e  k ep t at th e m in im u m  b eca u se  
th e  reta in ed  a u sten ite  has lo w  h ard n ess and b e c o m e s  a c a u se  o f  ch a n g e  in
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d im e n s io n  d ue to  p o st  tran sform ation . In th e c a se  o f  ro ll, the reta in ed  
a u sten ite  lea d s to  th e crack in g  d urin g  s e r v ic e  b ec a u se  o f  th e v o lu m e  
ch a n g e  b y  the s tre ss- in d u c ed  m a rten site  tran sform ation . O n e o f  the  
m ea su rem en t m eth o d s for the a m ou n t o f  reta in ed  a u sten ite  is  X -ray  
d iffra c tio n  w h ic h  sh o w s  th e d iffra c tio n  in te n s ity  c lo s e ly  re la ted  to  th e  
am ou nt o f  retain ed  austen ite .

T h e b a s ic  eq u a tio n  o f  d iffra ctio n  in ten s ity  o f  a p h a s e 10"12) is 
ex p ressed  as

Ihki = K(FF*)(LPF)me'2MA(0) V j /V j 2 - — (3.1)
w h ere,

K  =  p rop ortion ality  con stan t
FF* =  structure factor o f  th e u n it ce ll o f  the p h a se  o f

in terest, eq u al to  4 f2 and 1 6 f2 for d iffrac tio n  lin e s  o f  
a  (m a rten site /ferr ite ) and  y (a u sten ite ), r e sp e c tiv e ly , 
w h ere  f  is  th e a to m ic  sca tter in g  factor  o f  th e  a tom  
sp e c ie s  w h ic h  m ak e up the u n it ce ll : f  re la tes to  
(s in  0)/L

LPF =  L oren z P o la r iza tion  Factor, ( l + c o s 22 0 ) /s in 20 co s0
m m u ltip lic ity  factor, th e n u m b er o f  {h k l} p la n es in  a 

u n it c e ll
e -2M — D eb y e  -W a lle r  tem perature factor  w h ere  

M  =  (B s in 20) /  X2 : B  is  a m ateria l con stan t
A ( 0) = ab sorp tion  factor, in d ep en d en t o f  0 i f  sa m p le  is fla t
V , = v o lu m e  fraction  o f  th e p h a se

and
V i = v o lu m e  o f  u n it ce ll

L et,
K ' =  K  X  A  (0 ) and
Rhki =  [F F *(L P F )m e'2M]/vj2

S u b stitu tes K ' and Rhki in  the eq u ation  (3 .1 )  to  b e eq u ation  (3 .2 ) ,
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Ihki = K'RhkiVj - - ( 3 .2 )
W h en  sev era l p ea k s in  th e d iffra ctio n  pattern  p artic ip ate  in  the c a lcu la tio n , 
th e a b o v e  eq u atio n  b eco m es

Elud =  K'(IRhki)(Vi) ------ (3 .3 )
T h erefo re , p ea k s  o f  ferrite and /or m arten site  (a )  and p ea k s o f  a u sten ite  (y )  
are r e sp ec tiv e ly  sh o w n  as

ท a =  K'(XRa)(Va) — (3.4)
Ely = K'(ERy)(Vy) -— (3.5)

B e sid e s ,
Va + Vy+Vc = 1 — (3.6)

W here,
v c is  the v o lu m e  fraction  o f  other p hase.

A ssu m e  o n ly  a  and y  p h a ses e x is t  in the sp ec im en , the eq u atio n  (3 .6 )  is,
v« + v ,  = 1 — (3.7)

T h e re la tio n sh ip  b e tw e e n  v a and Vy from  the eq u a tio n  (3.4) and (3.5) can  
b e ex p ressed  as th e eq u ation  (3.8)

Va = [EIa.ERy/EIy.ERa] X Vy  (3.8)
F in a lly  s o lv in g  th e eq u atio n  (3 .7 )  and th e eq u atio n  (3 .8 )  to  o b ta in  the  
v o lu m e  fra ctio n  o f  a u sten ite  w h ic h  re la tes  to  the d iffra c tio n  in te n s ity  and R  
v a lu es  as

Vy = 1 / [l+(EIa.ERy/EIy.ERa)] -— (3.9)
F or th e  d eterm in a tio n  o f  th e a m ou n t o f  reta in ed  a u sten ite , R  v a lu e s  

can  b e  o b ta in ed  b y  th e c a lcu la tio n , and s im u lta n e o u s ly  I v a lu e s  can  b e  
o b ta in ed  b y  m ea su r in g  the area under the d iffrac tio n  p ea k s o f  a  and y. 
R esu lta n tly , th e v o lu m e  fra ction  o f  reta in ed  a u sten ite  (V y ) is  a tta ined  
num erically .

3.5.2 Equipment and Measuring Condition

T h e m ea su rem en t o f  V y  is carried  o u t u s in g  X -ray  d iffractom eter.
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T h e m ea su r in g  c o n d itio n  is d em o n stra ted  in T ab le 3 -5 . T h e m ea su rem en t  
w a s p erfo rm ed  u s in g  th e m eth o d  w h ic h  d e v e lo p e d  b y  R .L . M ille r  and  
p ro v ed  b y  c. K im 12) b e in g  a p p lied  to  h ig h  ch ro m iu m  w h ite  ca st iron s. W ith  
r esp ec t to  M il le r ’ร tech n iq u e , the e ffe c t  o f  p referred  o rien ta tio n  in  the ca st  
iron  is  c a n c e lle d  b y  s im u lta n e o u s ly  rotatin g  and s w in g in g  th e sa m p le  sta g e .  
F or th is  in v e stig a tio n , the sp e c im e n  w a s  prep ared  b y  g r in d in g  w ith  a lu m in a  
g rin d in g  w h e e l and fo llo w e d  b y  p o lis h in g  w ith  1 8 0 , 3 2 0 , 4 0 0 , 6 0 0 m e sh  
em ery  p ap er and 0 .3  m icro n  a lu m in a  p o w d er  to  o b ta in  th e  su rfa ce  lik e  a 
mirror. M o -K a  ch a ra cter istic  lin e  w ith  a w a v e le n g th  o f  0 .7 1 1  A 11} w a s  u se d  
as a sou rce  o f  X -ray  beam .

T able 3 -5  X -ray  d iffractio n  con d itio n  for m easu rem en t  
o f  v o lu m e  fraction  o f  retain ed  au sten ite

Target M o
T ube V oltage - Current 5 0  k V  - 3 0 m A

S lits
D iv e rg e n c e  Slit: r  

R e c e iv in g  Slit: 1 .5 m m  
S ca tter in g  Slit: r

F ilter Zr
S ca n n in g  R an ge 2 4 -4 4  d eg
S ca n n in g  S p eed 0 .5  d eg /m in
S tep /S a m p lin g 0.01 d eg

3.5.3 C alculation o f  the Volum e Fraction o f R etained  A ustenite

In th is  in v e stig a tio n , th e p ea k s w h ic h  in v o lv e s  in  th e  ca lcu la tio n  are 
(2 0 0 )  and (2 2 0 )  o f  ferrite or/and  m a rten site  and  (2 2 0 )  and (3 3 1 )  o f  
a u sten ite  b eca u se  th ese  four p ea k s are in d ep en d en t or h a v e  n o  in ter feren ce
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from  th e  p ea k s o f  carb id e p h a s e s 12). A s  e x a m p le s , th e d iffrac tio n  patterns 
o f  th ree sp e c im e n s  w ith  d ifferen t V y  o f  1 .7 , 2 9 .9  and 7 2 .5 %  are sh o w n  for  
co m p a r iso n  in  F ig . 3 -2 . R ea so n  w h y  th e a (2 1 1 )  p ea k  is  n o t tak en  into  
a cco u n t is  that th is p ea k  is o v er la p p ed  w ith  stro n g  p ea k  o f  carb ide. T h e  
in teg ra ted  areas und er th ese  p ea k s w ere  m ea su red  u s in g  an im a g e  a n a ly zer  
(N ir e c o  M o d e l L u z e x  IIIU ). T h e c a lc u la tio n  o f  V y  w a s  d on e  b y  a com p u ter  
for th ree co m b in a tio n  o f  p ea k s, a (2 0 0 )  -  y (3 1 1 ) , a (2 0 0 )  -  L y (2 2 0 ,3 1 1 )  and  
£ a ( 2 0 0 ,2 2 0 )  -  y (3 1 1 ). T h e  data u sed  as th e resu lt are an a v era g e  o f  v a lu es  
ca lcu la ted  from  the three co m b in a tion s.
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F ig. 3 -2  X -ray  d iffraction  p attern s o f  sp e c im e n s  w ith  d ifferent 
v o lu m e  fraction  o f  reta in ed  a u sten ite  (V y )
V y  : (a ) 1 .7% , (b ) 2 9 .9 %  and (c )  7 2 .5 %
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